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A CALIBRATED, HIGH-RESOLUTION GOES SATELLITE SOLAR INSOLATION
PRODUCT FOR A CLIMATOLOGY OF FLORIDA EVAPOTRANSPIRATION!

Simon J. Paech, John R. Mecikalski, David M. Sumner, Chandra S. Pathak,
Quinlong Wu, Shafiqul Islam, and Taiye Sangoyomi®

ABSTRACT: Estimates of incoming solar radiation (insolation) from Geostationary Operational Environmental
Satellite observations have been produced for the state of Florida over a 10-year period (1995-2004). These insola-
tion estimates were developed into well-calibrated half-hourly and daily integrated solar insolation fields over the
state at 2 km resolution, in addition to a 2-week running minimum surface albedo product. Model results of the
daily integrated insolation were compared with ground-based pyranometers, and as a result, the entire dataset
was calibrated. This calibration was accomplished through a three-step process: (1) comparison with ground-based
pyranometer measurements on clear (noncloudy) reference days, (2) correcting for a bias related to cloudiness, and
(3) deriving a monthly bias correction factor. Precalibration results indicated good model performance, with a
station-averaged model error of 2.2 MJ m™2/day (13%). Calibration reduced errors to 1.7 MJ m 2/day (10%), and
also removed temporal-related, seasonal-related, and satellite sensor-related biases. The calibrated insolation data-
set will subsequently be used by state of Florida Water Management Districts to produce statewide, 2-km resolu-
tion maps of estimated daily reference and potential evapotranspiration for water management-related activities.

(KEY TERMS: solar insolation; evapotranspiration; remote sensing; water resources management; reference
evapotranspiration; Penman-Monteith.)
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INTRODUCTION

Estimates of incoming solar radiation (insolation)
from satellite data for the state of Florida over a 10-
year period (June 1, 1995 to December 31, 2004) have
been produced for use by state of Florida Water Man-
agement Districts (WMD) for evapotranspiration (ET)

estimation using a Penman-Monteith technique (Pen-
man, 1948; Monteith, 1965). For producing reference
ET, the Penman-Monteith relationship is used
together with “crop coefficient” values. Solar insola-
tion is the largest determinant for temporal variation
in ET, which is a critical variable for water manage-
ment, both in hydrologic flow simulations (involving
potential ET) and water allocation and agricultural
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water use (involving reference ET). The most desir-
able ET datasets for these purposes are spatially con-
tinuous, rather than point values derived from
traditional field station networks, thus statewide
mapping of ET is greatly facilitated by satellite-
derived estimates of the spatial distribution of solar
insolation. To date, the five Florida WMD have not
had access to a common source of solar insolation
data or methodologies for calculating the two most
widely used indicators of ET (potential and reference
ET). The motivation of this work is to develop a
robust insolation calibration framework coupled to a
satellite-based insolation model, so to provide for key
radiative datasets for the formulation of a 10-year
long, ET climatology (which will extend indefinitely
into the future). These insolation datasets are used in
conjunction with other information, such as net radi-
ation, soil heat flux, and temporally varying crop
coefficients, in the formulation of ET. This paper
focuses only on the development of the insolation
data, and subsequent calibration activities, demon-
strating the powerful utility of satellite-derived fields
for water resource applications.

Applications of a high-resolution (<5 km) solar
insolation dataset include its use in the development
of reference ET and potential ET. Reference ET is
valuable for irrigation scheduling and water manage-
ment, while potential ET can be used as input into
surface and groundwater hydrological models,
whereas the solar insolation data themselves may be
used as boundary conditions in certain ecosystem
models. Clearly, geostationary satellites provide spa-
tially and temporally continuous data across all
regions in their view (between approximately +55°
latitude), a huge advantage over ground-based instru-
mentation. Use of a satellite-based insolation algo-
rithm also ensures that a consistent algorithm is
applied across an entire region.

Satellite visible data have been used for estimating
solar insolation for a number of years, with methods
ranging from statistical-empirical relationships such
as Tarpley (1979), to physical models of varying com-
plexity (see Gautier et al., 1980, 1984; Diak and Gau-
tier, 1983; Moser and Raschke, 1984; Pinker and
Ewing, 1985; Dedieu et al., 1987; Darnell et al., 1988;
Frouin and Chertock, 1992; Pinker and Laszlo, 1992;
Weymouth and LeMarshall, 1999). Studies such as
Schmetz (1989) and Pinker et al. (1995) have proven
the wutility of satellite-estimated solar insolation
methods, showing that such models produce fairly
accurate results — with hourly insolation estimates
within 5-10% of pyranometer data during clear-sky
conditions (15-30% for all sky conditions) and daily
estimates within 10-15%. Additional works such as
those of Stewart et al. (1999) and Otkin et al. (2005)
have further bolstered the utility of this technique.
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Advantages of using satellite-estimated insolation
data over those collected by pyranometer networks
include large spatial coverage; high spatial resolu-
tion; the availability of data in remote, inaccessible,
or potentially hazardous regions, over oceans and
large water bodies (e.g., Frouin et al., 1988); and in
countries that may not have the means to install a
ground-based pyranometer network.

A similar effort to that developed here for estimat-
ing solar insolation from satellite is described by Cos-
grove et al. (2003a,b). In these studies, use of the
Global Energy and Water Cycle Experiment (GEW-
EX) Surface Radiation Budget (SRB) downward solar
flux algorithm (Pinker and Laszlo, 1992) has been
demonstrated within the North American Land Data
Assimilation project. The error statistics for the SRB
product are comparable to those shown via this study
(see Model Calibration), while the resolution of the
SRB solar flux data are 0.5° resolution (see Meng
et al., 2003). The main reason for not using SRB here
is that the needed resolution deemed important for
estimating ET over Florida was on or near the cumu-
lus cloud scale, namely 1-3 km, far above that of SRB
data. SRB data are developed from a combination of
polar orbiting and geostationary satellite data, while
the solar insolation fields described here are devel-
oped only from Geostationary Operational Environ-
mental Satellite (GOES) data. A more thorough
description of the GEWEX SRB data is available at
http://www.gewex-srb.larc.nasa.gov.

Other limitations for much of this previous work
have been centered around the need for information
on atmospheric parameters that limit the effective-
ness of these models, such as aerosols and precipita-
ble water (PW) information. Problems associated with
assessing the performance of these models are often
fraught with issues related to scale differences
between point observations and satellite pixel resolu-
tion (from ~1 to 4 km). Satellite sensor degradation,
especially prevalent on the National Oceanic and
Atmospheric Administration (NOAA) GOES satellite
series, are often difficult to quantify, albeit it is one
aspect this study attempts to address.

In this study, data from the NOAA GOES “East”
series of satellites are used. GOES data were
obtained from the GOES data archive at the Space
Science and Engineering Center at the University of
Wisconsin-Madison. Approximately 102,000 individ-
ual GOES images were processed for this effort.
These data were processed using the model of Gau-
tier et al. (1980) to produce half-hourly and daily
integrated solar insolation and 2-week running mini-
mum surface albedo data throughout the state of
Florida at 2-km horizontal spatial resolution. As
noted above, this high-resolution was chosen to pro-
vide solar insolation observations between cumulus
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clouds, which comprise a significant component of
Florida’s cloud climatology.

The other unique aspect of this work involved an
extensive model calibration activity for the insolation
product, undertaken by comparing satellite-derived
insolation estimates to that of ground-based pyra-
nometers and clear-sky radiation models. This com-
parison provided information to tune or adjust biases
in the daily integrated insolation dataset for local
environmental conditions. This was achieved via a
three-step process: (1) comparison with ground-based
pyranometer measurements on clear (noncloudy) ref-
erence days, (2) correcting for a bias related to cloudi-
ness, and (3) deriving a monthly bias correction
factor. This resulted in a significant reduction in bias
errors and henceforth the formation of a very robust
ET product.

The goal of this paper is to describe the production
and calibration of a 2 km GOES-based insolation
product, for eventual applications related to water
management and ET. The approach is deemed sim-
ple, and once bias corrections are determined, insola-
tion data with good error statistics without need for
ancillary datasets are the result. The paper proceeds
as follows: The Solar Insolation Model section of this
paper provides an overview of the insolation model,
Data Acquisition, Processing, and Quality Control
section discusses data acquisition, processing, and
quality control; Model Calibration details the
model calibration efforts; followed by Discussion of
Calibration Issues; and Summary and Conclusion,
respectively.

THE SOLAR INSOLATION MODEL

The model developed by Gautier et al. (1980) [with
modifications by Diak and Gautier (1983) and
updated application methods by Diak et al. (1996),
from this point onwards referred to as the “GDM”]
employs a fairly simple physical representation of
cloud and atmosphere radiative processes, yet has
been shown to perform as well as, or even better
than, more complex methods over a variety of land-
surface and climatic conditions (Gautier et al., 1984,
Raphael and Hay, 1984; Frouin et al., 1988; Diak
et al., 1996; Jacobs et al., 2002, 2004; Otkin et al.,
2005). When comparing with pyranometer data, these
studies reported root mean square errors (RMSEs) in
hourly and daily insolation estimates (as a percent-
age of the mean pyranometer observed value) from
17 to 28 and 9 to 10%, respectively. The high ends of
these errors (~28 and ~10%, respectively) were
reported in the study of Jacobs et al. (2002), which
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took place over northern-central Florida and was
characterized by significant convective-cloud activity.
The GDM has also been proven in operational use,
producing near-real-time insolation estimates for
regional-scale and continental-scale land-surface car-
bon and water flux assessments (Mecikalski et al.,
1999; Anderson et al., 2003, 2004), subsurface hydro-
logic modeling, and the generation of agricultural
forecasting products (Diak et al., 1998; Anderson
et al., 2001). A full description of the GDM is given
by Gautier et al. (1980), Diak and Gautier (1983),
and Diak et al. (1996) — a basic overview is given
here.

The model is based on conservation of radiant
energy in the Earth-atmosphere column. The GDM
has two modes for determining solar insolation
received at the Earth’s surface: one for clear and one
for cloudy conditions, based on satellite-inferred sur-
face albedo data. A running 2-week minimum of this
albedo data, reassessed at solar noon daily, is stored
for each GOES visible data pixel, yielding a reference
albedo grid representative of clear-sky conditions and
capturing temporal changes in land-surface charac-
teristics. This approach represents the true land-sur-
face albedo more accurately than using the daily
estimated value because the latter can be corrupted
by high albedo values when clouds are present during
the course of a day. [It should be noted that this min-
imum albedo product is wavelength-specific, unique
to the GOES visible sensor (which does in fact
include contributions from the near infrared), and
therefore does not represent a true surface albedo.]

Within the GDM, for a given GOES image, the dig-
ital brightness at each image pixel is compared to
that of the stored clear-sky reference albedo data for
that pixel. If the brightness exceeds a given threshold
[a function of the 2-week running minimum noontime
albedo; Diak and Gautier (1983)], the pixel is deemed
cloudy, and vice versa. Based on this determination,
either a clear or cloudy model of atmospheric radia-
tion processes is used to calculate solar insolation
received at the surface, for each pixel. Both the clear
and cloudy models incorporate parameterizations for
ozone absorption, Raleigh scattering, and water vapor
absorption within the atmospheric column using sim-
ple bulk relationships — the use of fixed ozone and
aerosol contents being sufficient given that these pro-
duce secondary, smaller sources of error. The cloudy
GDM component estimates a cloud-top albedo, and
accounts for atmospheric effects above and below the
cloud separately.

For the water vapor absorption parameterization,
a fixed, approximate annual median value of 3.0 cm
was used to estimate atmospheric column-integrated
PW during the initial processing. [PW is defined as
the amount of water that would precipitate out of a
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vertical column of the atmosphere if all the water
vapor were condensed into liquid.] PW data are
needed to calculate the slantwise path, and subse-
quently the absorption coefficients in the Gautier
et al. (1980) method. Postprocessing adjustments
were then made to account for diurnal variations of
PW (i.e., PW values greater or less than the 3.0 cm
median value), given the logistical difficulty of includ-
ing these data within the modeling stage. These
adjustments were made by deriving diurnal adjust-
ment factors based on daily representative PW values
over Florida from numerical weather prediction
(NWP) model data [National Centers for Environmen-
tal Prediction reanalysis dataset (NOAA/OAR/ESRL
PSD, Boulder, Colorado; http://www.cdc.noaa.gov)]. In
many instances, daily PW values over Florida were
well above 3.0 cm, certainly during summer, while
wintertime values were often much lower. No
accounting was made for daily variations in PW con-
sidering the relatively small amount of inter-day var-
iability that typically occurs over Florida, especially
during summer, and because this would have
required a reliance on forecasts from these models,
which are often incorrect. We also do not account for
meso-y scale (2-25 km) scale variations in PW given
this would require substantially larger amounts of
model-derived data. Data from NWP models would
need to be incorporated if constructing similar insola-
tion climatologies for regions outside Florida with
very high daily variations in PW.

DATA ACQUISITION, PROCESSING,
AND QUALITY CONTROL

GOES Satellite Data

The GOES East series of satellites (the most recent
additions being GOES-8 and GOES-12) have been
placed in geostationary orbit above the Earth’s equator
at longitude 75°W, providing continuous observations
in several visible and nonvisible radiation bands of
much of the western hemisphere at high spatial
(>1 km) and temporal (=15 min) resolution, making
data collected by them ideal for high-resolution esti-
mates of solar insolation. During the time period
spanned by this study, the GOES-8 satellite (launched
in April 1994) was decommissioned and the GOES-12
satellite took its place on April 1, 2003. Data from both
of these satellites were acquired and utilized.

Although the GOES visible sensors have a nadir
(the point directly below the satellite) spatial resolu-
tion of 1 km, this resolution decreases the further
from nadir the instrument scans: for the state of

JouRNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION

Florida region, the highest resolution attainable is
about 1.5-2.0 km. This was the input and output res-
olution of the GDM in this work. Half-hourly solar
insolation values were calculated using GOES data
from 15 and 45 min past the hour, and daily values
were calculated by integrating the half-hourly values
over the period of daylight (using the trapezoidal
integration method). A simple method for computing
sunrise and sunset times per pixel across the domain
was used. The running 2-week minimum albedo prod-
uct discussed in the section The Solar Insolation
Model was calculated using data at solar noon. These
products were generated both in the original satellite
projection, and translated to a grid identical to that
used for the Statewide NEXRAD radar-derived rain-
fall estimation product (Hoblit et al., 2003). In the
latter dataset, the data were interpolated in time to
00 and 30 min past the hour.

Potential GOES data issues include sensor degra-
dation with time and sun glint effects (i.e., the reflec-
tion of the Sun’s disk from land and sea surfaces).
The effects of the latter are small, and not addressed
in this study due to the complexity of the phenomena.
Sensor degradation is addressed and corrected for
through the calibration of the product, detailed in fol-
lowing sections. This issue is also discussed further
in the section titled Discussion of Calibration Issues.

In general, GOES satellite data are available on a
continual basis with high reliability. Under specific
conditions though, the instruments are shut down
(for example when sunlight shines directly into the
sensors), and other issues such as receiving-station
glitches can result in the occasional loss or corruption
of an image or series of images. For this reason, if
more than five half-hourly satellite images were miss-
ing on a given day, the daily insolation value for that
day (being derived from the half-hourly data) was
flagged as unusable. Days with three to five missing
images were designated usable, and those with zero
to two missing images were designated as good qual-
ity data. Where there were gaps in the usable data,
linear interpolation was used to fill them. (The final
insolation product includes flags for data loss.)

Pyranometer Data

Pyranometer data used to calibrate the satellite
isolation product, and subsequently assess calibration
performance, were obtained from a number of
weather stations networks across Florida, each main-
tained by a different agency. The state of Florida is
divided into five regional WMDs: Northwest Florida
(NWF), South Florida (SF), St. Johns River (SJR),
Suwannee River (SR), and Southwest Florida (SWF)
as shown in Figure 1. Historical pyranometer data
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FIGURE 1. Locations of Pyranometer Stations Used in the Study.
Groups 1, 2, and 3 datasets are denoted by crosses, triangles, and
squares, respectively. State boundaries and WMD region bound-
aries are thick and thin black lines, respectively. WMD acronyms
are shown. Latitudes are given on the left side and longitudes
at the top. Lake Okeechobee can be seen in the southeast part of
the state.

were provided by three of the WMDs (SF, SJR, and
SWF) and the remaining data were obtained from the
University of Florida, Institute of Food and Agricul-
tural Sciences, Florida Automated Weather Network
website (http://www.fawn.ifas.ufl.edu), and the U.S.
Geological Survey (USGS). Datasets from 57 stations
were used, divided into three groups, referred to in
this work as “Group 1,” “Group 2,” and “Group 3.”
Groups 2 and 3 data were used for calibration pur-
poses while Group 1 data were used for GDM perfor-
mance assessment. The locations and details of each
of the stations in these groups are shown in Figure 1
and Table 1. For performance assessment (Group 1),
we used nine stations — 2 from each WMD region
(except NWF, only one quality station available) so
that each region would be represented; these stations
had good data quality over the longest available data
records. For the other two groups (Groups 2 and 3),
used for the calibration coefficient derivations, high-
quality data were needed, which meant using many
different stations over the 10-year period as a means
of having enough quality information.

Each weather station network used the LI-COR
200 pyranometer produced by LI-COR, Inc. (Lincoln,
Nebraska), with recalibration performed every 1 to
2 years. This silicon cell device has a quoted accuracy
of 5%. Pyranometer site locations varied from open
fields to water bodies (lakes and bays), but the latter
were avoided whenever possible to minimize issues
such as salt deposit contamination of the sensors.
Temporal resolution of the pyranometer data ranged
from 15 min to 1 h averages (see Table 1) and daily
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integrated insolation values were calculated using
the midpoint integration method.

A practical issue to be considered for the calibra-
tion activity was choosing good quality data. Most of
the data were provided with quality assurance and
quality control (QA/QC) flags, but these flags were
not infallible. For example, some stations consistently
underestimate clear-sky insolation in comparison
with empirical estimates. As a result, an additional
method for screening the data, developed by the
American Society of Civil Engineers, was employed
(see Allen et al., 2005, Appendix D). This method
involved comparing daily integrated insolation data
with estimated clear-sky radiation, Ry, (MJ m~2/day),
estimated as a function of station elevation (z) and
extraterrestrial radiation (R,: short-wave solar radia-
tion in the absence of an atmosphere) over a 24-h
period by

Ry = (0.7542 x 107°2)R,, (1)

where R, is a function of day of year, solar constant,
solar declination, and latitude, given by

R,= 2—;Gscalr [wssin(¢@)sin(0)+cos(p)cos(d)sin(ws)]  (2)

Here, G, is the solar constant (4.92 MJ m 2/h), d, is
the inverse relative distance factor (squared) for the
earth-sun (unitless), w; is the sunset hour angle
(radians), ¢ is latitude (radians), and ¢ is the solar
declination (radians) (see Duffie and Beckman, 1980;
Allen, 1996; Allen et al., 2005, Appendix D for further
details).

The assumption is that measured daily insolation
should be close to estimated clear-sky values on at
least some days during the year — those days being
considered as cloud-free. When examining annual bell
curve plots of this comparison, it was possible to iden-
tify when a station had significant data quality issues
not indicated by QA/QC flags; specifically, under
complete sunshine, quality pyranometer measure-
ments should be near the R, values. For pyrano-
meter data not provided with any QA/QC
information, the above method was employed as an
initial filter, following that, data greater than 105%
of the estimated clear-sky value were removed (Allen
et al., 2005). These methods eliminated stations, or
periods of the data record, that appeared erroneous.

Satellite-Pyranometer Data Differences

There are inherent differences between satellite-
estimated and pyranometer-measured solar insolation
data. At the pixel level, satellite data provide a snap-
shot at a given time, with each pixel in the snapshot
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TABLE 1. Pyranometer Dataset Information.®

Station Latitude Longitude Resolution
No. Group Network Station County ©) ©) Date Days (min)
1 1 FAWN Alachua Alachua 29.80 82.41 160ct99 1,191 15
2 1 FAWN Bronson Levy 29.40 82.59 26Sep02 794 15
3 1 FAWN Quincy Gadsden 30.54 84.60 13Sep02 460 15
4 1 SF WMD ENR308 Palm Beach 26.62 80.44 1Jun95 2,187 303
5 1 SF WMD S65CW Okeechobee 27.40 81.11 1Sep99 1,833 303
6 1 SJR WMD  Orange Lake Alachua 29.48 82.13 14Feb97 689 30°
7 1 SJR WMD  Tucker Brevard 27.83 80.81 1Sep96 838 303
8 1 SWF WMD  Floral City Citrus 28.76 82.28 1Jun95 3,209 60
9 1 SWF WMD  Inglis Levy 29.03 82.62 1Jun95 3,196 60
10 2 SF WMD BCSI Hendry 26.32 81.07 N/A? 2 303
11 2 SF WMD CFSW Hendry 26.74 80.90 N/A? 2 303
12 2 SF WMD ENR105 Palm Beach 26.66 80.41 N/A? 3 303
13 2 SFWMD  JDWX Martin 27.03 80.17 N/A? 1 303
14 2 SF WMD L001 Okeechobee 27.14 80.79 N/A? 6 30°
15 2 SF WMD L005 Glades 26.96 80.97 N/A? 1 30°
16 2 SF WMD S61W Osceola 28.14 81.35 N/A? 2 302
17 2 SF WMD S65DWX Okeechobee 27.31 81.02 N/A? 7 302
18 2 SF WMD S7T5WX Glades 27.19 81.13 N/A? 1 302
19 2 SF WMD S7T8W Glades 26.79 81.30 N/A? 1 303
20 2 SF WMD S140W Broward 26.17 80.83 N/A? 3 303
21 2 SF WMD SGGEWX Collier 26.15 81.58 N/AZ 1 303
22 2 SF WMD SILVER Collier 26.30 81.44 N/AZ 1 303
23 2 SFWMD  WRWX Polk 28.05 81.40 N/A? 5 30°
24 2 SJR WMD  Bull Creek Osceola 28.08 80.96 N/A? 1 30
25 2 SJR WMD  Elkton St. Johns 29.78 81.44 N/AZ 4 60
26 2 SJR WMD  Ft. Drum Indian River 27.59 80.69 N/AZ 3 303
27 2 SJR WMD  Hell Cat Bay Putnam 29.60 81.53 N/AZ 4 60
28 2 SJR WMD  Lake Jessup Seminole 28.75 81.21 N/A? 1 30°
29 2 SJR WMD  Lindsey Citrus Indian River 27.58 80.60 N/A? 2 30
30 2 SJR WMD  Mulberry Marsh Brevard 27.91 80.78 N/A? 1 30
31 2 SJR WMD  Ocklawaha Prairie Marion 29.10 81.91 N/A2 2 30
32 2 SJR WMD  Orange Creek Alachua 29.46 82.07 N/A? 3 30
33 2 SWF WMD  Avon Park Highlands 27.60 81.48 N/A? 1 60
34 2 SWF WMD Bowling Green Hardee 27.64 81.84 N/AZ 4 60
35 2 SWF WMD Headquarters Hernando 28.47 82.44 N/AZ 8 60
36 2 SWF WMD Lake Como Pasco 28.18 82.47 N/AZ 7 60
37 2 SWF WMD  Peace River Desoto 27.09 82.00 N/AZ 1 60
38 2 SWF WMD  Wildwood Sumter 28.86 82.03 N/A? 5 60
39 3 FAWN Apoka Orange 28.64 81.55 1Jan98 2,424 15
40 3 FAWN Avalon Orange 28.47 81.65 13Mar99 1,993 15
41 3 FAWN Balm Hillsborough 217.76 82.22 17Dec03 361 15
42 3 FAWN Brooksville Hernando 28.63 82.28 25Apr00 1,658 15
43 3 FAWN Dover Hillsborough 28.02 82.23 15Aug98 2,242 15
44 3 FAWN Ft. Lauderdale Broward 26.09 80.24 25Jan01 1,387 15
45 3 FAWN Ft. Pierce St. Lucie 27.43 80.40 10Jul98 2,275 15
46 3 FAWN Hastings St. Johns 29.69 81.44 5Aug99 1,919 15
47 3 FAWN Homestead Dade 25.51 80.50 1Jan98 2,463 15
48 3 FAWN Immokalee Collier 26.46 81.44 1Jan98 2,442 15
49 3 FAWN Lake Alfred Polk 28.10 81.71 1Jan98 2,456 15
50 3 FAWN Live Oak Suwanee 30.30 82.90 18Sep02 804 15
51 3 FAWN Marianna Jackson 30.85 85.17 12Sep02 809 15
52 3 FAWN Ocklawaha Marion 29.02 81.97 23Mar99 2,041 15
53 3 FAWN Okahumpka Lake 28.68 81.89 2Feb99 1,976 15
54 3 FAWN Ona Hardee 27.40 81.94 11Mar98 2,395 15
55 3 FAWN Pierson Volusia 29.22 81.45 24May99 1,975 15
56 3 FAWN Putnam Hill Putnam 29.70 81.98 25Jan01 1,323 15
57 3 USGS Lake Starr Polk 217.96 81.59 21Jul96 2,973 60

Notes: FAWN, Florida Automated Weather Network; SF, South Florida; SJR, St. Johns River; SWF, Southwest Florida;

USGS, U.S. Geological Survey; WMD, Water Management Districts.

Pyranometer station: dataset group number, network agency, name, location, begin date of data record used, number of data
days used, and temporal resolution (also data-averaging period unless otherwise noted).
2Dates are individual days, refer to Table 3.
3Fifteen-minute averaging period, every second data record used.
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having a single value, that being the spatial average
over the horizontal surface pixel area. Pyranometer
data, on the other hand, are generally time-averaged.
So in the case of the satellite instrument, insolation
data are spatially smoothed, whereas pyranometer
data are temporally smoothed. These differences do
not cause significant data disparities under cloud-free
conditions (when solar insolation is homogeneous
over a given region) but become an increasing issue
as cloud cover variability and data temporal resolu-
tion increase. Both the use of high-resolution satellite
data and temporal averaging blurs these disparities,
the latter being demonstrated via the differences in
hourly vs. daily integrated insolation errors quoted in
the sections titled Introduction and The Solar Insola-
tion Model.

MODEL CALIBRATION

As discussed in the section titled The Solar Insola-
tion Model, the GDM performs well over a variety of
land-surface and climatic conditions, as well as spa-
tial and temporal resolutions. In the current study,
daily integrated GOES-estimated insolation data
were further fine-tuned through a cumulative three-
step process via comparison with ground-based pyra-
nometer data (hereafter referred to as “calibration”).
First, the initial insolation data estimated via the
GDM (referred to as “DAILY_A”) were compared with
pyranometer observations on a series of clear (non-
cloudy) reference days resulting in a set of calibration
coefficients, the application of which produced the
“DAILY_B” dataset. Second, a “cloudiness” bias cor-
rection was derived from, and applied to, the DAI-
LY_B data, resulting in the “DAILY_C” dataset.
Lastly, a monthly correction factor was calculated
from, and applied to the DAILY_C data, yielding the
final dataset “DAILY_D.” These steps are discussed
in detail in the sections below. For each calibration
step, the GOES-estimated and pyranometer insola-
tion data were matched spatially by choosing the
satellite data pixel that each pyranometer station
was located “within.”

For GDM performance assessment, each of the
above datasets are compared with pyranometer data
from the “Group 1” dataset, consisting of nine calibra-
tion-independent surface stations located across Flor-
ida as detailed in Figure 1 and Table 1. The results,
showing the calibration progression, are shown for
the entire data period and each of the nine station
locations in Figure 2. Statistics used for this compari-
son (quoted on each plot) are the RMSE (also
expressed as a percentage of the mean pyranometer
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observed value), the mean bias error (MBE), and the
coefficient of determination (R?). Table 2 and
Figure 3a present station-averaged statistics and sea-
sonal station-averaged model MBE, respectively. Note
that the number of stations in the averaged statistics
(Figure 3b) varies from 2 to 7, subject to the data
record length of each station and the necessity for
quality data for comparison. Similar comparisons
using the half-hourly resolution insolation could not
be made since calibration was only performed for the
daily insolation product.

Initial Results

Station-averaged calibration statistics from the
initial dataset (DAILY_A: Figures 2 and 3 and
Table 2) are as follows: coefficient of determination
0.90, MBE -0.7MJm %day, and RMSE
2.2 MJ m %/day (13% of the mean observed value).
These statistics indicates performance slightly
poorer than previous studies using the GDM, which
generally had RMSE values of about 10% of the
mean observed value for daily integrated insolation
comparisons (see the section titled The Solar Insola-
tion Model). Figure 3a shows a predominantly nega-
tive bias in model-estimated daily insolation values,
gradually increasing to a slight positive bias beyond
mid-2003, with about a 4 MJ m 2/day difference
from the beginning to the end of the 10-year histor-
ical data period. A seasonal bias oscillation on the
order of +0.5 MJ m 2/day is also present, with
MBE values tending to be more positive during the
summer and autumn seasons. This trend is clearer
in the latter years of the data period (2001
onward), with increasing numbers of stations in the
average (see Figure 3b). Due to the larger number
of stations, this seasonal trend is more evident
when comparing with the pyranometer data of the
“Group 3” dataset (see Section Pyranometer Data) —
the station average MBE, which is also plotted in
Figure 3a (Group 3 DAILY_B). These observations
are discussed further in the section titled Discus-
sion of Calibration Issues.

The scatter plots of Figure 2 reveal an overestima-
tion and underestimation of insolation by the GDM
under clear and cloudy conditions, respectively — with
the latter being most prevalent. The occasional data
point where pyranometer data were significantly
underestimating insolation is also observed, which
may be due to the so-called “bird effect” — when birds
use the pyranometer as a perch and shade the sensor
(personal communication with USGS staff). The
approach we use to fine-tune and correct the data for
some of these observations are described in the fol-
lowing sections.

1334 JoURNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION



A CaLiBraTED, HigH-ResoLution GOES SATELLITE SoLAR INsOLATION ProbucT FOR A CLIMATOLOGY OF FLORIDA EVAPOTRANSPIRATION

(a) DAILY_A DAILY_B DAILY_C DAILY_D
30 {RMSE=25(14%) .. ;’;25_;2.54 aee) RMSE = 2.1 (12%) / RMSE = 1.7 (10%) N
MBE = -1.1 i . e MBE =-1.1 ¢ MBE = 0.6 3
325 {R?=0.88 B R?=0.89 . R*=0.91 . R?=0.93 .
O 201 . :‘ 2 . B i
- i e
151 e 3 s ] .
o . 4 o,
T 10 & wy s 0. oo
5 2.5 e, % . +
1 &4 & : .
0l & S
30 { RMSE = 2.4 (14%) RMSE = 2.3 (13%) . RMSE = 2.1 (12%) RMSE = 1.8 (10%)
MBE = 1.2 MBE =-0.7 0y . MBE = -1.2 i MBE = 0.8 . 1
25 1 R?=0.90 R*=0.90 = R*=0.92 . R*=0.93 .. "
® 201 . C s
= 3 il
ghs ‘s P, -t
10 4 i:': o 3 R 5
51 4 o r&*"; é : :
ol &
30 { RMSE = 1.6 (10%) i RMSE = 1.9 (12%) RMSE = 1.6 (10%) RMSE = 1.5 (9%)
MBE =0.3 5% MBE = 0.9 . MBE =0.2 MBE = 0.5
25 1R*=0.94 R*=0.94 R?=0.92 R*=0.94 L
c A4 3
O 204 s . o
o - ’ & < 2
€ 45 R 4 4 i
o R 2] TR P
m 10 . B §
e W M .
5 ot £ +
4 zad Y, s
0
30 { RMSE = 1.7 (10%) RMSE = 1.7 (11%) RMSE = 1.4 (9%) RMSE = 1.4 (9%)
MBE =-0.4 J MBE = 0.0 MBE =-0.5 sk MBE =-0.2 e
PLE e . o 13 o R 2= - I
R?=0.94 R?=0.94 L R?=0.95 Y R?=0.95 4
v . C N
S 2 - : N
5 3 e ..
g . )
<10 2 .
5 O
[
30 { RMSE = 1.6 (11%) RMSE = 1.7 (12%) RMSE = 1.4 (10%) RMSE = 1.2 (9%)
MBE =0.3 o MBE = 0.6 MBE = 0.1 MBE = 0.4
251R?=095 LY R?=0.95 R?=0.95 R?=0.96 8
204 3 . 3
) x
S
5 15
C 10 il ud
s{ o < 7
0+ - T
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30

FIGURE 2. Comparison of Satellite-Estimated (ordinate) and Pyranometer-Measured (abscissa) Daily Integrated Insolation
[MJ m~2/day] for the Nine Model Calibration Locations. Station names are given along the left-side, and comparison satellite-estimated
dataset names are indicated at the top. RMSE values [MJ m~2/day] and as a percentage of the mean observed value (in parentheses),
MBE [MJ m2/day], and coefficient of determination for each station and dataset are quoted for each comparison.

Clear-Day Comparison

On a clear day, disparities between satellite-esti-
mated and pyranometer-measured insolation should
be minimized, as without clouds solar insolation
received at the surface will locally be spatially homo-
geneous, providing reference conditions for the
comparison of the two datasets. This “clear-day com-
parison” was made on a day as free of cloud as possi-
ble over Florida every 6 months — 1 day in each
summer and winter season (or as close as possible).
Completely clear days over the entire state of Florida
are rare, and therefore many times the comparison
was limited to available cloud-free regions. Addition-
ally, due to factors such as site decommissioning,
periods of missing data, instrument issues, and varia-
tions in data quality, it was not possible to use a
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single set of pyranometer stations for the entire 10-
year study period, but continuity was maintained as
much as possible.

For each clear day, the half-hourly satellite insola-
tion product was compared with “Group 2” pyranome-
ter data for up to three stations within each of the
SF, SJR, and SWF WMD regions (no data were avail-
able for NWF or SR for this analysis). Pyranometer
data time-stamps were adjusted to the middle of their
data-averaging period and GOES data times were
used unmodified. For each WMD region, the satellite
and corresponding pyranometer datasets were aver-
aged (across the selected stations), resulting in two
datasets (GOES satellite and pyranometer). These
two averaged datasets were then plotted, and the
satellite data calibration coefficient for each WMD
was determined by multiplying the averaged satellite
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FIGURE 2. (Continued)

TABLE 2. Calibration and Comparison Station-Averaged
Statistics for Data Period.

DAILY_A DAILY_B DAILY_C DAILY_D

RMSE MJ m %/day (%) 2.2(13) 22(13) 1911 1.7(10)
MBE MJ m™2/day -0.7 -0.2 -0.8 -0.5
R? 0.90 0.91 0.92 0.93

Notes: MBE, mean bias error; RMSE, root mean square error.
'RMSE as percentage of mean observed value given in parenthe-
ses.

data by a factor necessary for its diurnal insolation
curve to align with the averaged pyranometer data
curve as closely as possible. This factor was manu-
ally determined as a means of correcting for the
satellite-pyranometer differences. Subsequently, the
average of all available WMD correction factors
were taken to obtain a calibration coefficient for
that particular day for application over the entire
state of Florida. This process was carried out for the
entire observation period, resulting in a set of 20
approximately biannual calibration coefficients span-
ning the 10-year data record, as shown in Table 3.
The individual coefficients, obtained only on days
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when pyranometer data were available, were then
interpolated in time to obtain a calibration coeffi-
cient set that could be applied to each day across
the data record.

As a check for potential issues, calibration factors
using the above method were obtained for 3 consecu-
tive clear days (March 6-8, 2001, results not shown in
Table 3). During these days weather conditions
remained consistent over Florida, implying that if the
application of the GDM in this study was successful,
the same should be the case of the three calibration
factors. This was the case: the calibration coefficient
of each day had a value of 1.09.

For the model calibration, these coefficients were
applied to the initial (DAILY_A) data, yielding the
DAILY_B dataset. The results of this calibration are
shown in Figures 2 and 3 and Table 2. The station-
averaged RMSE remained the same as that of the
initial dataset, the coefficient of determination
increased to 0.91, and the average MBE decreased in
magnitude from —0.7 to —0.2 MJ m 2/day (Table 2).
Figure 3 reveals that although the MBE has been
reduced on average, the temporal trend of MBE
(positive shift with time) is still present, with a sim-
ilar range (from dataset beginning to end) as the
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FIGURE 3. (a) Season and Station-Averaged Daily Integrated Solar Insolation MBE and (b) Number of Stations in the
Average at Any Given Time. “Group 3” dataset is included in both (a and b) for comparison as discussed in Clear-Day
Comparison section. Season months are December to February (winter), March to May (spring), etc.

initial dataset. The seasonal MBE oscillation is also
still present, as is the cloudiness-related bias (see
Figure 2). The following sections address these
remaining issues.

Cloudiness Bias Correction

In an effort to correct for the cloudiness-related
bias in model data, a “cloudiness” bias correction was
developed using the DAILY_B satellite-estimated
insolation dataset (the product of the clear-day cali-
bration). These data were compared with pyranome-
ter data from the “Group 3” dataset with model bias
values calculated for each individual station and
day combined (but not averaged), and plotted us.
“cloudiness index” (Figure 4). The cloudiness index is
defined here as the ratio of the Daily_B satellite-
estimated insolation and estimated daily clear-sky
solar insolation, R,.

Examination of Figure 4 reveals a model bias
[MJ m~?/day] approximated as linearly related to
cloudiness by

Cloudiness_bias = 4.44[Cloudiness_index] — 2.55 (3)

The cloudiness bias given by Equation (3) was
calculated for each comparison station and day and
subtracted from the DAILY_B data, resulting in the
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TABLE 3. Calibration Coefficients Determined by
Clear-Day Comparison of Satellite-Estimated and Pyranometer-
Measured Solar Insolation.®

Date SF SJR SWF Average
14Jun95 1.05 (11, 20) N/A? N/A? 1.05
22Nov95 1.12 (20) 1.14 (25, 27) 1.12 (35,36) 1.13
28Jul96 1.03 (19, 20) N/A? N/A? 1.03
14Dec96 1.11 (12) 1.10 (25, 27) 1.08 (36) 1.10
4May97 N/A? 1.06 (25, 27) 1.06 (38) 1.06
17Dec97 1.08 (12) 1.14 (28) 1.10 (38) 1.11
13May98 1.03 (12, 13) 1.03 (26) 1.04 (38) 1.03
16Dec98 N/A? 1.06 (25, 27) 1.08 (36) 1.07

13Apr99 1.06 (11, 14, 15) 1.07 (26) 1.04 (35,36) 1.06

24Dec99 1.10 (16) 1.12 (26) 1.07 (35,36) 1.10
20May00 1.04 (10, 14) N/A? 1.04 (35, 36) 1.04
30Nov00 1.06 (14, 17) N/A? 1.05 (36) 1.05
17May01 1.05 (10, 17) N/A? 1.01(33,34) 1.03
21Dec01 1.08 (14, 17, 22) N/A? 1.07 (35) 1.08
3May02 1.06 (16, 17, 23) N/A? 1.01(34,37) 1.04
29Dec02 1.12 (14, 17, 23) N/A? 1.07 (35) 1.10

N/A? 1.01 (34, 35)  1.02
20Dec03 1.11 (17, 23) 1.10 (24, 30, 32) 1.07 (34,35)  1.09
28Apr04 1.08 (17) 1.07 (29, 31, 32) 1.04 (38) 1.06
12Dec04 1.12 (14, 18, 23) 1.12 (29, 31, 32) 1.09 (38) 1.11

13Apr03 1.03 (21, 23)

Notes: SF, South Florida; SJR, St. Johns River; SWF, Southwest
Florida; WMD, Water Management Districts.

IClear-day date, average coefficient for each WMD region, and
average of all regions. Numbers in parentheses indicate stations
used in the analysis (see Table 1).

2Comparison not possible due to lack of data or cloud cover.

DAILY_C dataset. Examination of this dataset
revealed that the bias related to cloudiness was then
found to be negligible, reflected by an increase in the
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coefficient of determination to 0.92 and decrease in
the average RMSE from 2.2 to 1.9 MJ m %/day
(Table 2). This improvement is also evident in Fig-
ure 2: although the low end of the model data has
been somewhat “raised,” this affects only a small per-
centage of the data, and for the ultimate purpose of
this dataset (the estimation of ET), this is not consid-
ered to be a significant issue since the component of
ET due to solar insolation will be small on these
cloudy (and/or rainy) days.

Table 2 reveals that with this bias correction the
station and time-averaged MBE became more
negative, increasing in magnitude from -0.2 to
—-0.8 MJ m™?/day. Figure 3 indicates that the issues
of predominantly negative model data bias, positive
shift of MBE with time and seasonal MBE oscillation
still remain. These issues were addressed with the
next calibration step.

Monthly Bias Correction and Final Data Product

The final calibration step was the development of
a monthly bias correction. DAILY_C model and
“Group 3” pyranometer data were averaged over all
calibration stations for each data month. The latter
were then subtracted from the former, resulting in
a set of monthly bias correction coefficients span-
ning the data period. [Note: due to data availabil-
ity and time constraints, June 1996 through June
1997 coefficients were used for the dJune 1995
through June 1996 period. This was deemed accept-
able as the most important bias features (e.g., the
seasonal oscillation) were captured by this surrogate
set of coefficients.] These bias corrections were then
subtracted from the DAILY_C data, giving us the
final dataset, “DAILY_D.” The results of this
adjustment are presented in Figures 2 and 3 and
Table 2.

The result of this procedure is that the station-
averaged statistics all improved. The average RMSE
and MBE values decreased in magnitude to 1.7
(10% of the mean observed value) and
—-0.5 MJ m ?/day, respectively, and the coefficient of
determination increased to 0.93. In comparison with
the initial dataset (DAILY_A), the RMSE and MBE
decreased in magnitude by 0.5 and 0.2 MJ m2/day,
respectively, and the coefficient of determination
rose by 0.03. Although the average MBE is still
negative and of greater magnitude than the result
of the DAILY_B calibration, Figure 3 shows that
the effect of this calibration step was the removal
of both the seasonal oscillation and the positive
shift of MBE with time, with the station average
ranging between about —1 and 0 MJ m™2/day across
the data record period.
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DISCUSSION OF CALIBRATION ISSUES

Change in Model Bias With Time

Although the gains made by this calibration work
may be seen as minimal compared with the effort
invested, it may have been worthwhile just to have
discovered and removed the GDMs positive shift of
MBE with time as this temporal bias likely would
introduce a spurious trend into computed ET (see
section titled Insolation Error Propagation into Refer-
ence and Potential ET Estimation). The cause of this
trend is unclear. It is not a function of the number of
calibration stations in the statistical average (which
also generally increased with time, see Figure 3b) as
it is also evident in single station MBE analyses.
When comparing the initial dataset (DAILY_A)
station-averaged MBE with that of the Otkin et al.
(2005) GOES East satellite analysis over the
15-month period of their work (December 2002 to
February 2004), essentially the same result is found
(0.3 and 0.4 MJ m %/day, respectively), with the
GDM tending to slightly overestimate daily insolation
values in both cases. Although the short length of
this comparison period and the averaging of statistics
are not sufficient to make any qualified conclusions,
the indication, given the range of comparison site
characteristics and climates of the two studies, is that
something independent of these is causing this effect.
It is possible that issues pertaining to the GOES
satellite data may be responsible, for example sensor
degradation caused by dust accumulating on the
visible sensors lens itself. It is believed that in both
studies, this one and that of Otkin et al. (2005), the
expected effects were to see signs of the GOES-8
visible sensor’s degradation with the aging of the
satellite, but this was not clearly apparent. Addition-
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ally, on April 1, 2003, the GOES-12 satellite took over
operations from the GOES-8 satellite. With the fresh
sensors on board the new spacecraft, we expected to
see a sudden change in the model data bias, but
again this was not evident in these data. It is
believed that in both cases, the expected effects are
not clearly seen because they are masked by the
inherent limitations of the GDM and this particular
application of it. Although this issue of satellite sen-
sor degradation has not been directly addressed, the
effects of it have been indirectly corrected for through
the calibration process of this work.

Seasonal Bias Oscillation

With regard to the seasonal oscillation observed in
the model data MBE, both Pinker et al. (2003) and
Otkin et al. (2005) observed such an oscillation over
the 1-year to 2-year periods of their analyses, with
the MBE generally being more positive in the sum-
mer months. Comparing the initial dataset with the
GOES East satellite analysis of Otkin et al. (2005) for
the time period of their work, but now on a seasonal
basis, similar station-averaged MBE values were
found. As for the increase in model bias trend with
time, the reason for this seasonal trend is also
unclear; it is not due to cloudier conditions during
the Florida summer, as (discussed in the section the
Cloudiness Bias Correction) the GDM tends to under-
estimate rather than overestimate insolation under
cloudy conditions. It may simply be due to inherent
limitations of the GDM algorithm, for example sea-
sonal sun-angle effects that are not accounted for.
Fortunately, and regardless of the cause, this bias
oscillation was estimated to be small, even in the
initial dataset.

Comparison With Previous Studies

The RMSE of 10% of the mean observed value for
the final dataset is comparable with the (un-cali-
brated) results of previous studies. We believe this
might be because of the complex and prevalent cloud
conditions of Florida relative to previous study
areas, leading to a particularly challenging applica-
tion of the model. Previous studies have found that
as cloudiness increased GDM performance decreased.
Gu et al. (1999) found coefficient of determination
values of 0.96, 0.77, and 0.59 for half-hourly obser-
vations during clear, partly cloudy, and cloudy condi-
tions, respectively, over forested regions of central
Canada. Otkin et al. (2005) found similar results,
with lower coefficients of determination and higher
RMSE values in the complex cumulus cloud environ-
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ments of summer months. The study of Jacobs et al.
(2002) over northern-central Florida reported a simi-
lar conclusion in comparison with studies over less
convective-cloud-prone locations and seasons. Results
from the GOES component of the GEWEX SRB
product (Meng et al., 2003) show that RMSEs are
near 32 Wm™? for their 0.5° shortwave radiation
product.

Further Dataset Applications

The data-mining possibilities for such a dataset
are vast. As an example, Figure 5 shows the
9-year (1996-2004) mean daily solar insolation for
the state of Florida for January 1 and the month of
January. Similarly, Figure 6 shows the 10-year
(1995-2004) mean for July 1 and the month of July.
(The 10-year average is not available for January
because the dataset begins in June 1995.) These
images reveal spatial biases in solar insolation
including the generally cloudier conditions over
land than sea; chronic clear-sky conditions over
Lake Okeechobee; relatively clear-sky conditions in
SWF compared to the cloudier southeast coast in
January; and hints of an urban heat island-induced
clear-sky bias in the cities of Orlando and Jackson-
ville.

Such data could also serve for applications such as
detailed radiation monitoring to detect -climate
change (in the radiation component of climate), and
in the resulting impacts on ET. Furthermore, the
method described in this work could be applied to
any region in the world for which the appropriate
satellite and pyranometer data are available. It
should be noted that a full network of pyranometers
(as used in this study) is desirable for product cali-
bration, yet because this is cost-prohibitive, less than
20 instruments distributed across an area such as
the state of Florida would suffice.

Insolation Error Propagation into Reference and
Potential ET Estimation

Given that the insolation data, developed here as
a long-term climatology, are valuable for determin-
ing ET (reference and potential), it is useful to dis-
cuss how errors in insolation propagate through to
errors in ET. Analysis of the procedures that relate
solar insolation to potential and reference ET sug-
gests that potential ET is perhaps more influenced
by errors in insolation because the computations
cannot be offset by an aerodynamic component,
which is present in the reference ET equations
(Dave Sumner-USGS and Jennifer Jacobs-University
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FIGURE 5. The 9-Year (1996-2004) Mean Daily Solar Insolation
for January 1 (a) and the Month of January (b).

of New Hampshire, personal communications). For
example, it is understood that via the Priestley-Tay-
lor approach (Priestley and Taylor, 1972) as used by
the USGS, potential ET is directly proportional to
net radiation, and specifically to the shortwave com-
ponent. Also, solar insolation enters into the
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FIGURE 6. The 10-Year (1995-2004) Mean Daily Solar Insolation
for July 1 (a) and the Month of July (b).

longwave calculation of potential ET through atmo-
spheric emissivity, which is especially important
during clear skies, as they produce more negative
net daily longwave radiation. In this light, we esti-
mate that a 10% error in insolation causes a 5-6%
error in ET is somewhat higher for potential ET.
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This error will be higher in summer, with more
longwave radiation at this time of year and lower
surface resistances (aerodynamic and soil), than in
winter (USGS, personal communications).

SUMMARY AND CONCLUSION

GOES satellite estimates of incoming solar radia-
tion (insolation) for the state of Florida have been
made using the model of Gautier et al. (1980) (the
“GDM?”) for the period June 1995 to December 2004.
The dataset has been produced with 2 km spatial,
and half-hour and daily temporal resolution. In addi-
tion, a 2-week running minimum surface albedo prod-
uct was generated, also at 2 km resolution. Through
comparison with ground-based pyranometer data, a
series of cumulative calibration steps were developed
to de-bias and fine-tune the daily integrated insola-
tion product.

It was found that the initial (uncalibrated) GDM
product (DAILY_A) performed well, but slightly
poorer than previous studies, with a calibration sta-
tion-averaged value of the coefficient of determination
of 0.90, MBE of -0.7 MJ m /day, and RMSE of
2.2 MdJ m_z/day (13% of the mean observed value).
The model data had a predominantly negative bias
that became increasingly positive with time over the
data record period. A seasonal bias oscillation was
also discovered, with MBE values tending to be more
positive in the summer and autumn seasons. Addi-
tionally, the model was found to overestimate and
underestimate solar insolation under clear and cloudy
conditions, respectively, with the latter being most
evident.

Following the three calibration steps, the final
product (DAILY_D) showed improvements in compar-
ison with the initial dataset, with the station-aver-
aged coefficient of determination increasing to 0.93,
and MBE and RMSE values decreasing in magnitude
to —0.5 and 1.7 MJ m 2/day, respectively. Perhaps,
the most significant effect of this calibration effort
was to remove both the positive shift of model bias
with time and the seasonal bias oscillation. The final
dataset RMSE (10% of the mean observed value) is
comparable with the (un-calibrated) results of previ-
ous studies. It is believed this may be due to the
cloudy conditions of Florida relative to previous study
areas, leading to a particularly challenging applica-
tion of the model.

Solar insolation is the largest determinant for tem-
poral variation in ET in wet regions, like those often
found across the state of Florida (when soil water is
never limiting and the advection of heat is absent),
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and hence is a critical variable in water management
efforts. The most desirable ET datasets for these pur-
poses are spatially continuous, rather than those with
point values derived from traditional field station net-
works. Thus, mapping of ET over large regions is
greatly facilitated by satellite-derived estimates of
the spatial distribution of solar insolation. This
study’s final (potential and reference) ET product will
be used in such an effort, by the five Florida WMDs.
Work is underway to continue data production (2005
to present) and provide ongoing annual dataset
updates.

Additional applications for this dataset are numer-
ous, and include via the reference ET field, solar
energy estimation, irrigation scheduling, water allo-
cation management, and crop-type planting decisions.
Solar insolation to formulate potential ET can be
used as input into surface and groundwater hydrolog-
ical models (such as the USGS MODFLOW ground-
water flow model, MikeShe and HSPF subsurface
and surface water models), as well as for wildlife and
wild-land monitoring. The solar insolation data them-
selves may be used as boundary conditions in ecosys-
tem modeling and oceanic modeling. Furthermore,
the GDM method could be applied to any region in
the world for which the appropriate satellite data
(and pyranometer data for calibration) are available,
thereby providing such observations for remote, inac-
cessible, or hazardous regions, large water bodies, or
for countries that do not have the means to install a
ground-based observation network.
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